r The synaptic ribbon is an organelle that coordinates rapid and sustained vesicle release to enable hearing and balance.
Introduction
Auditory, vestibular, visual, and lateral line systems rely on ribbon synapses to convey sensory information in a graded and sustained manner (Lenzi & von Gersdorff, 2001) . The ribbon synapse is a chemical synapse and, therefore, has a presynaptic active zone composed of two major regions: the active zone plasma membrane and the associated cytomatrix at the active zone (CAZ) (Fejtova & Gundelfinger, 2006) . In general, CAZs are thought to have three main functions: one, organizing neurotransmitter release sites by maintaining their position adjacent to the postsynaptic density (Fejtova & Gundelfinger, 2006) ; two, mediating the replacement of exocytosed synaptic vesicles (Dresbach et al. 2001; Garner et al. 2002) ; and, three, assisting in the spatial and temporal coordination of exocytic and endocytic events at the active zone (Gundelfinger et al. 2003; Khimich et al. 2005) .
The synaptic ribbon is a large CAZ that is shaped like a sphere or a ribbon (Fuchs et al. 2003) . Within the hair cell, the mechanoreceptor cell of the inner ear and lateral line system, each ribbon is generally oriented adjacent to an active-zone plasma membrane (Flock & Jorgensen, 1974) and has numerous synaptic vesicles tethered to it (Lenzi & von Gersdorff, 2001) . RIBEYE, an abundant protein of the ribbon (Schmitz, 2009; Uthaiah & Hudspeth, 2010) and the only known protein demonstrated as ribbon-specific (Schmitz et al. 2000; Piatigorsky, 2001) , is proposed to form the molecular framework of the ribbon through multiple RIBEYE-RIBEYE interactions. RIBEYE proteins are able to form ribbon-like structures when heterologously expressed in vitro, overtly resembling the ribbons found in hair cells (Magupalli et al. 2008) . Zebrafish have two ribeye paralogues, ribeye a and ribeye b, which encode proteins with high amino acid sequence similarity to each other and to mammalian RIBEYE (Wan et al. 2005) .
Hair cells in mammals are long lived, upwards of 80 years in humans, but the homeostatic mechanisms that permit such longevity are not clear. For instance, do hair cell organelles undergo renewal of their proteinaceous building blocks or are those molecules immobile for the long term? Both mechanisms have been proposed (Rzadzinska et al. 2004; Zhang et al. 2012; Hwang et al. 2015) . With respect to the hair cell's synapse, classical studies have suggested a morphologically stable ribbon. More specifically, during biochemical purification, synaptic ribbons remain as stable protein aggregates even under harsh, high alkaline (pH 11.0) conditions (Schmitz et al. 2000) . Moreover, cryo-electron tomography of the ribbon demonstrated that stimulation of the hair cells changes the region around the ribbon but not the size of the ribbon itself (Lenzi et al. 2002) . In contrast, there is an emerging picture that hair cell ribbons also are plastic. In the ears of mice given acoustic overexposure, presynaptic ribbons are decreased in number, abnormally large, or displaced from the plasma membrane (Kujawa & Liberman, 2009; Jaumann et al. 2012; Shi et al. 2013) . Understanding the basis of the varying dynamics of the synaptic ribbon will require analyses of the exchange characteristics of its molecular constituents.
Certain proteins at conventional synapses are highly dynamic, but others demonstrate slow rates of protein exchange (Kalla et al. 2006; Schroder et al. 2013) . The dynamics of ribeye proteins are unknown both within and outside the environment of the ribbon synapse. Here, we test explicitly whether ribeye proteins are dynamic and reveal that within the ribbon synapse there is a dampened rate of protein exchange relative to protein outside this synapse.
Methods

Ethical approval
Protocols for housing and handling of zebrafish were approved by Case Western Reserve University's Institutional Animal Care and Use Committee and conform to the principles and regulations as described in the Editorial by Grundy (2015) . Zebrafish were anaesthetized with 3-aminobenzoic acid ethyl ester methanesulfonate (Sigma-Aldrich, St. Louis, MO, USA) at 168 mg L −1 . Zebrafish were killed with 3-aminobenzoic acid ethyl ester methanesulfonate at 672 mg L −1 . -4 (McDermott et al. 2010) , cdh23 aj64a/aj64a mutant (Sollner et al. 2004) , Tg(-6myosin 6b: ribeye b-GFP) (Sheets et al. 2011 ), HGn39D (Nagayoshi et al. 2008 Faucherre et al. 2009 ) and the wild-type Tübingen (Tü) zebrafish of either sex were used. Stable transgenics Tg(pvalb3b: mCherry) or Tg(pvalb3b: ribeye a-mCherry) (West & McDermott, 2011) were generated by injecting plasmids at 150 ng μL −1 with Tol2 RNA at 25 ng μL −1 (Balciunas et al. 2006) into Tü embryos.
Zebrafish and transgenesis
Ppv3b
Live imaging
Larvae at 5 or 7 days postfertilization (dpf) were anaesthetized with 3-aminobenzoic acid ethyl ester methanesulfonate, mounted in 1% low-melting-point agarose (Promega, Madison, WI, USA), and imaged on a confocal laser scanning microscope (TCS SP5; Leica, Buffalo Grove, IL, USA) with a 63×, 1.4 numerical aperture, objective. Z-stack image series were captured at a z-step size of 0.49 μm, with various total z-volumes depending on the tissue being imaged (typically 20-25 μm for neuromast organs, 5-10 μm for skin, and 15-20 μm for lateral cristae). All images were acquired at a resolution of 1024 × 1024 pixels, at 8 bits pixel −1 . All neuromasts sampled were from the L1 position.
FM1-43 uptake assay
At 5 dpf, zebrafish larvae were bathed with 5 μM FM1-43 (Thermo Fisher Scientific, Waltham, MA, USA) for 2-5 min, and washed 3 times at 5 min intervals with rinsing solution (0.612 mM ethyl 3-aminobenzoate methanesulfonic acid and 0.01 mg mL −1 bovine serum albumin in fish water) prior to confocal imaging.
Fluorescence recovery after photobleaching
For fluorescence recovery after photobleaching (FRAP), after capturing a pre-bleach z-stack series, photobleaching was performed by pulsing an ß1.4 μm × ß1.4 μm region of interest (ROI) containing a single ribbon or ribbon-like structure with a high intensity 488 nm laser beam until the fluorescence intensity decreased to less than 40% of the original intensity (Kalla et al. 2006) . After photobleaching, a z-stack series was captured immediately. To monitor recovery, z-stack series were taken every other hour for up to 6 h for neuromast and crista hair cells and every 2-5 min for 15 min for skin cells. Focal drift during experiments was corrected manually for each time point before each image was collected.
Image analysis
To determine the number of ribbons that were proximal to the plasma membrane of hair cells, z-stacks of confocal images were taken of neuromasts that express green fluorescent protein (GFP) and Ribeye a-mCherry in hair cells. All Ribeye a-mCherry-containing ribbons that were within 0.5 μm of the surface of the cell by measuring from the cross-sectional view from the x-z plane were considered proximal to the plasma membrane. On the other hand, z-stacks of confocal images taken of neuromasts that express GFP in afferent neurons and Ribeye a-mCherry in hair cells were used to quantify the number of ribbons in hair cells that were proximal to the afferent neurons. All Ribeye a-mCherry-containing ribbons that were within 0.5 μm of the afferent neuronal ending were considered proximal.
The intensity of each fluorescent ribbon, or ribbon-like structure in skin cells, was measured by centring a ß1.2 μm × ß1.2 μm square ROI around it, and the mean pixel value of each frame in this ROI throughout the entire z-stack series was measured, where fluorescence was detected. The maximum value in the mean pixel value series of these ROIs was regarded as the fluorescence intensity of the punctum (LAS AF lite; Leica). The fluorescence intensity of each bleached punctum was corrected for ongoing photobleaching caused by serial confocal imaging and was normalized to set the value right after photobleaching as the zero value according to the following formulas (Kalla et al. 2006; Li et al. 2011) :
where I t is the fluorescence intensity of a bleached ribeye punctum at time t, I pre is its intensity before photobleaching, I nb,t is the average intensity of five to eight non-bleached ribeye puncta in other cells from the same neuromast or crista (or other skin cells in the FRAP experiment on skin) and I nb,pre is the average intensity of the same non-bleached puncta before photobleaching. F t is the relative fluorescence at time t. F pre and F 0 are the relative fluorescence intensities before and immediately after photobleaching, respectively. F norm is the relative fluorescence after normalization (Kalla et al. 2006; Li et al. 2011) . The recovery at each time point of each set of experiments was calculated and fitted to a one-phase exponential curve according to the following equation:
where P is the recovery value at infinite time and τ is the time constant. These parameters were estimated to fit the experimental data by minimizing the residual sum of squares. Statistical analyses were performed with software (GraphPad Prism 6; GraphPad Software, Inc., La Jolla, CA, USA). Recovery half-times (t 1/2 ) were calculated as ln(2) × τ and given as mean ± standard error of the mean (SEM). No images were altered for FRAP analyses.
Results
Ribeye a is intrinsically dynamic and exchanges rapidly with Ribeye-a aggregates
To determine whether ribeye proteins are static or dynamic, and if dynamic, to what extent, we devised a strategy that uses optically transparent zebrafish, which permits the tracking of the protein in vivo (Fig. 1A) . For the present study, we generated stable transgenic zebrafish that express Ribeye a-mCherry in hair cells as well as in skin peridermal cells. Previously, we demonstrated that synaptic ribbons are effectively labelled by fusion protein in transient transgenics (West & McDermott, 2011) . Stable transgenics, preferred over transients for their more even Ribeye a-mCherry labelling of relevant cells, importantly have a normal acoustic startle response and swimming behaviour, indicating that their hair cells function normally (Movies S1 and S2 in the online Supporting A and B, strategy to quantify ribeye exchange in vivo. A, schematic diagram of a doubly transgenic zebrafish larva expressing Ribeye a-mCherry and GFP in skin cells. Square, selected field of view for FRAP experiments in a skin cell. B, enlarged schematic diagram of a skin cell showing how photobleaching was implemented. C, skin cells expressing both GFP (green) and Ribeye a-mCherry (red) at 5 dpf. Ribeye a-mCherry forms ribbon-like structures. GFP demarcates the skin cells' boundaries. The Ribeye a-mCherry ribbon-like structure at the centre of the dashed square was photobleached. The mean fluorescence intensity ± SEM for the puncta was 25.1 ± 1.3 arbitrary units (n = 18). Scale bar = 5 µm. D, FRAP in skin. Enlarged view of a ribbon-like structure shown in C, left vertical series. The Ribeye a-mCherry ribbon-like structure (red; prebleach) was photobleached and an image was captured immediately after the event (postbleach), t = 0. Fluorescence recovery was observed for 15 min. Right vertical series are pseudo-coloured representations corresponding to left images. Blue-to-pink colour scale represents the relative fluorescence intensity from low-to-high, respectively. Scale bar = 1 µm. E, mean fluorescence recovery of seven Ribeye a-mCherry ribbon-like structures from different fish was plotted. Data fit to a one-phase exponential curve reveals a recovery half-time, t 1/2 , of 3.2 ± 0.5 min (mean ± SEM). Note, error bars are characteristic of FRAP data from CAZ proteins at conventional synapses (Tsuriel et al. 2009). material). This Tg(pvalb3b: ribeye a-mCherry) stable transgenic also displays Ribeye a-mCherry ribbon-like structures in skin cells as has been described before with transient zebrafish (West & McDermott, 2011) . Similar fusion protein expression strategies in cultured neurons have been employed to successfully demonstrate the dynamics of proteins at conventional synapses (Tsuriel et al. 2009; Ziv & Fisher-Lavie, 2014) . We first explored the behaviour of Ribeye a-mCherry in a non-neuronal, non-excitatory cell type in which the intrinsic characteristics of the Ribeye a protein could be studied outside the potentially modulating context of the ribbon. To determine if Ribeye a exchanges in such a cell type, we performed FRAP on ribbon-like structures of skin cells of Tg(pvalb3b: ribeye a-mCherry) transgenics ( Fig. 1A-C) . The ribbon-like structures (West & McDermott, 2011) are similar to those of rat RIBEYE when it is expressed in cultured mammalian cells (Magupalli et al. 2008) . The skin cells additionally expressed GFP (McDermott et al. 2010) to delimit the cells' boundaries (Fig. 1C) . FRAP is an optical technique that enables the quantification of protein exchange in a defined region of a cell (Kim et al. 2010 ) and has been successful at revealing protein exchange at conventional synapses (Kalla et al. 2006; Schroder et al. 2013) . We determined that Ribeye a-mCherry exchanged rapidly in the skin, with a mean half-time of recovery (t 1/2 ), to the maximum value of the curve, of 3.2 ± 0.5 min (mean ± SEM) (n = 7) ( Fig. 1D  and E ). An extrapolation curve estimated total recovery of fluorescence was 94.8 ± 9.2% (mean ± SEM) of the prebleach value, indicating that most of the protein is renewed within 10-15 min ( Fig. 1D and E) . We next tested whether exchange rates of ribeye proteins are modulated at the hair cell's ribbon. FRAP analyses were conducted on neuromast hair cells that express Ribeye a-mCherry and GFP ( Fig. 2A) . Our system leaves the hair cell's associated neurons intact and functional during analysis of the ribbon. GFP permits assessment of hair cell boundaries (Fig. 2B) . In stable transgenics, greater than 96% of the labelled ribbons (193 of 200; n neuromast = 6) are located juxtaposed to plasma membrane along the basolateral surface (Fig. 2B) . Similarly, greater than 95% of the labelled ribbons were proximal to afferent nerve endings (191 of 200; n neuromast = 6) (Fig. 2C) . To determine if the presence of Ribeye a-mCherry at presynaptic active zones disturbs interaction between hair cells and afferent neurons, we used a styryl dye FM1-43 assay. When zebrafish are bathed in a styryl dye, the fluorescent molecules pass through the mechanotransduction channels into the lateral line hair cells (Gale et al. 2001; Meyers et al. 2003; Corey et al. 2004) . Then, they move across the synapses from the hair cells to the afferent neurons (Ledent, 2002; Ghysen & Dambly-Chaudiere, 2007; Faucherre et al. 2009 ). We found that, like wild-type cells, afferent neurons of Tg(pvalb3b: ribeye a-mCherry) transgenics also gather FM1-43, indicating that the fusion protein does not significantly impact the hair cell-afferent synapse (Fig. 2D) . In zebrafish hair cells lacking functional tip links, neither the lateral line hair cells nor the afferent neurons effectively gather FM1-43, supporting a model that fluorescent molecule uptake by the neurons is dependent on entry into hair cells before being transferred to neurons across synapses (Fig. 2D) . When the ribbon-associated fluorescence was extinguished, and the recovery was observed over a period of 6 h (Fig. 2E) , the Ribeye a-mCherry recovered with a half-time (t 1/2 ) of 107.0 ± 17.5 min (n = 11) (Fig. 2F) . The extrapolation curve estimated the total recovery of fluorescence at 60.2 ± 4.9% (Fig. 2F) , indicating that not all of the Ribeye a-mCherry is mobile over this period. This result may indicate that Ribeye a protein in some aspect of the ribbon, perhaps the inner core, is relatively static; alternatively, there may be even exchange of protein throughout the ribbon, but we did not image long enough to observe complete exchange.
It is plausible that incubating zebrafish in anaesthetic could cause the synaptic ribbon to deteriorate. To 
Figure 2. Ribeye a exchanges at synaptic ribbons in neuromast hair cells
A, strategy to quantify ribeye exchange in hair cells in vivo. Schematic diagram of a doubly transgenic zebrafish larva expressing Ribeye a-mCherry and GFP in neuromast hair cells. B, a confocal image of hair cells from the neuromast of a doubly transgenic zebrafish that expresses both GFP, to reveal the cells' silhouettes, and Ribeye a-mCherry. The synaptic ribbon, which contains Ribeye a-mCherry (red), at the centre of the square region was photobleached. Note, all labelled ribbons are present in hair cells; though, some hair cells have low levels of GFP. The mean fluorescence intensity ± SEM for the ribbons was 27.7 ± 1.2 arbitrary units (n = 25). Scale bar = 5 µm. C, image of a neuromast from a doubly transgenic zebrafish expressing Ribeye a-mCherry in hair cells and GFP in afferent neurons demonstrates that nearly all labelled ribbons are juxtaposed to neuronal endings. Scale bar = 5 µm. In B and C, asterisk marks the region near the apical surfaces of hair cells at the neuromast's centre. D, single-focal-plane-confocal images of neuromasts to detect hair cells that loaded with FM1-43 (left panels) or of neurons to identify cells that trans-synaptically received the fluorescent molecule (right panels) in 5 dpf wild-type, cdh23 aj64a/aj64a and Tg(pvalb3b: ribeye a-mCherry) zebrafish. Hair cells (left panels) and neuronal fibres (right panels) were outlined with dashed lines. Asterisks and arrowheads mark hair cells and neurons with FM1-43 loading, respectively. Scale bar = 10 µm. E, an enlarged view of the fluorescent synaptic ribbon shown in B. At time t = 0, the ribbon was photobleached for FRAP. Ribeye a-mCherry fluorescence was monitored for 6 h. Blue-to-pink colour scale represents the relative fluorescence intensity from low-to-high, respectively. Scale bar = 0.5 µm. F, mean fluorescence recovery of synaptic ribbons from neuromasts of 11 different zebrafish at 5 dpf was plotted to reveal a recovery half-time (t 1/2 ) of 107.0 ± 17.5 min. G, plots of puncta intensities, and their means, of Ribeye a-mCherry from fish mounted in agarose for 0 h and 6 h. Fluorescence intensity in arbitrary units. Data were collected from neuromast hair cells of 3 fish for each time point. Unpaired Student's t test, P = 0.34. (ns, not significant.) determine if this is the case, larvae were incubated with anaesthetic for 6 h and fluorescence intensity of individual ribbons was compared with fish that just received the drug. The mean fluorescence intensities of synaptic ribbons at 0 and 6 h were similar, indicating the integrity of this structure is not affected by anaesthetic (Fig. 2G) .
In each ribbon, zebrafish have two paralogous ribeye proteins, Ribeye a and Ribeye b, which have an overall sequence identity of 76% (Wan et al. 2005) . To determine whether these distinct ribbon components have different exchange rates at the ribbon, FRAP was performed on neuromast ribbons of stable transgenic zebrafish that express Ribeye b-GFP in hair cells (Fig. 3A) (Sheets et al. 2011) . In addition, we generated a stable transgenic line that expresses mCherry in hair cells to determine the boundaries of the cell during FRAP (Fig. 3A) . The mean half-time of recovery (t 1/2 ) of Ribeye b in the doubly transgenic hair cells was 95.3 ± 20.9 min (n = 4) ( Fig. 3B and  C) . The extrapolation curve estimated the total recovery of fluorescence at 46.5 ± 9.1% (Fig. 3C) . Overall, these findings demonstrate that Ribeye a and Ribeye b have a similar rate of exchange in neuromast organs.
To test the generality of Ribeye a behaviour at ribbon synapses, we also determined the rate of exchange in hair cells of the ear. Ribbons from lateral cristae containing Ribeye a-mCherry were probed by FRAP (Fig. 4A) . The mean half-time of recovery, t 1/2 , was 125.6 ± 47.2 min (n = 4) ( Fig. 4B and C) . The extrapolation curve estimated the total recovery of fluorescence at 60.4 ± 12.8% ( Fig. 4B  and C) . These results indicate that Ribeye a exchange is similar among hair cells, irrespective of the hair cell-containing sensory system (Fig. 4D) .
Ribeye a exchange is independent of spatial position of hair cells in the neuromast rosette and zebrafish age
Recently, it was demonstrated that not all hair cells within a neuromast have the same level of maturity in larval zebrafish based on hair cell basolateral current profiles (Olt et al. 2014) . Hair cells located in the centre of the rosette display more mature characteristics than those located on the periphery. During zebrafish development, the proportion of hair cells with more mature characteristics increases.
We next inquired whether the developmental state of a hair cell affects Ribeye-a mCherry's exchange characteristics. We compared the fusion protein's exchange rates at synaptic ribbons in hair cells located centrally and peripherally of the neuromast (Fig. 5A  and B) . Ribbons located in hair cells in either position had similar rates of Ribeye-a mCherry exchange, demonstrating that this protein's movement is not significantly impacted by different basolateral current profiles that reflect a hair cell's developmental state. Next, we asked does the age of the zebrafish alter the exchange rate. We measured the rate of exchange from ribbons of neuromasts of zebrafish at 5 and 7 dpf and found similar values (Fig. 5C ), supporting the idea that ribeye protein exchange rate is not significantly modulated by the developmental age of the fish.
Ribeye a exchange is independent of the hair cell resting mechanotransducer current
Electrical activity plays a key role in the development of neuronal circuits and can influence the dynamics of synaptic proteins that reside within the circuitry (Ziv & Fisher-Lavie, 2014) . However, the role of activity in the dynamics of a ribbon synapse protein is unknown. Next, we asked if the resting mechanotransducer current influences the rate of Ribeye a exchange, or, alternatively, is the rate independent of hair bundle activity. Ribeye a-mCherry dynamics were examined by FRAP in mutant zebrafish that lack functional cadherin 23. This protein is a major component of the tip link, and, without it, zebrafish hair cells lack a resting mechanotransducer current (Nicolson et al. 1998; Sollner et al. 2004) . Importantly, J Physiol 596.3 lateral line hair cells of zebrafish that lack functional Cdh23 have synaptic ribbons that are normal in size and distribution and have a near typical number of ribbons (Suli et al. 2016) . Assessment of mutants, cdh23 aj64a/aj64a ; Tg(pvalb3b: ribeye a-mCherry), demonstrated that the rates of exchange were similar between control and experimental groups (Fig. 6) , indicating that mechanotransduction that occurs at the tips of stereocilia does not influence Ribeye a protein dynamics near the basolateral surface of the cell. These data were fitted to a one-phase exponential curve, revealing a recovery half-time (t 1/2 ) of 125.6 ± 47.2 min. D, comparison of fluorescence recovery rates of ribeye proteins in different cell types, ribeye proteins in cells from different organs, or different fusion proteins. Recovery rates of Ribeye a-mCherry and Ribeye b-GFP are not significantly different, but they contrast sharply with the recovery rate in skin cells (one-way ANOVA with Holm-Sidak's multiple comparison post hoc test, * P < 0.1, * * P < 0.01; ns, not significant). E, models of regulation of ribeye exchange in different cell types. Our data reveal that the exchange rate of ribeye is modified at ribbon synapses. In non-excitable skin cells, Ribeye a monomers exchanged rapidly with Ribeye a within the ribbon-like structure. However, we propose that in hair cells, the exchange rate of Ribeye a is greatly decreased because of regulation by other, yet to be identified, CAZ components at the ribbon synapse. Long or short equilibrium arrows represent the differences in exchange rates, fast or slow, respectively.
Discussion
Ribeye protein is a major scaffolding protein of the ribbon (Schmitz et al. 2000; Magupalli et al. 2008) thought to form a stable framework to facilitate and coordinate rapid and sustained vesicle release (Graydon et al. 2014) . However, under certain physiological conditions, such as acoustic overexposure, ribbons are morphologically plastic and can be transitory (Kujawa & Liberman, 2009; Shi et al. 2013) . Here, we have developed a system to examine the behaviours of ribeye proteins within and beyond the confines of the ribbon synapse to understand potential characteristics of ribeye exchange. To identify the potential core intrinsic exchange rate of Ribeye a, we assessed the dynamics of this protein in the skin of live zebrafish. Interestingly, our FRAP studies have revealed that the Ribeye a protein exchanges with ribbon-like structures in the order of minutes, being rapidly and continuously lost from and incorporated into these structures ( Figs 1E and 4E) . The exchange rate in the skin was an order of magnitude faster than the exchange rate of the same protein in the context of true ribbons of the ear and lateral line (Fig. 4D) . Since the level of fluorescence of Ribeye a-mCherry in each individual ribbon-like aggregate of the skin was similar to that of the hair cell ribbon, the kinetic values obtained can be readily and directly compared, without modification of FRAP protocols ( Figs 1C and 2B) . Overall, this suggests that Ribeye a dynamics are highly regulated -and slowed -at the ribbon synapse of hair cells. The mechanism of ribeye protein exchange that we observed may be different from the morphological changes in the synaptic ribbons of rod photoreceptors of the mouse visual system during the light/dark cycle (Adly et al. 1999; Schmitz, 2009 ). However, further investigation is needed to compare the behaviour of ribeye dynamics in these two different sensory systems. How and why is Ribeye a exchange slower at the ribbon compared to ectopically expressed protein in the skin? This dramatic difference in exchange suggests the reduced rate is necessary for the ribbon to accomplish its proposed task as a relatively stable element that coordinates synaptic transmission (Graydon et al. 2014) . Two potential candidate mechanisms to explain the disparity in exchange rates between skin cells and hair cells may be Ribeye Halftime (min) Figure 6 . Ribeye a exchange is independent of the hair cell resting mechanotransducer current Comparison of mean fluorescence recovery rates of Ribeye a protein between wild-type hair cells and hair cells lacking mechanotransduction (cdh23 aj64a/aj64a ). Mean recovery half-times (t 1/2 ): wild type = 110.31 ± 21.3 min (n = 7), cdh23 aj64a/aj64a mutant = 120.6 ± 38.0 min (n = 4). P = 0.57, unpaired Student's t test.
a's interaction with different proteins or different ion compositions of the disparate cell types. In the first hypothetical mechanism, proteins of the synaptic ribbon interact with ribeye proteins and slow the exchange (Fig. 4E ). Similar mechanisms have been observed in other cell biological systems (dos Remedios et al. 2003; Schmoller et al. 2011) . Recently, it was shown that manipulating the permeability of L-type calcium channels at ribbon synapses modulates the dimensions of the ribbon (Sheets et al. 2012) . Therefore, it is also possible that the local ionic environment modulates ribeye behaviour directly or indirectly. The advantage of either of these mechanisms is that they would permit synaptic ribbon plasticity. The exchange rates of proteins at conventional synapses seem to vary depending on the protein's role at the synapse (Ziv & Fisher-Lavie, 2014) . Synaptic vesicle proteins exchange rapidly, in the order of minutes; however, some CAZ proteins, such as Bassoon and Munc-13-1 exchange in the order of hours (Kalla et al. 2006; Tsuriel et al. 2009 ). Interestingly, both Bassoon and RIBEYE are necessary for proper ribbon function and are known to physically interact (tom . We note another intriguing observation: the known rate of Bassoon exchange (Tsuriel et al. 2009 ) is similar to those of ribeye proteins.
Our experiments demonstrate that ribeye proteins are intrinsically dynamic but become stabilized in the context of the synaptic ribbon. The low rate of exchange suggests that the synaptic ribbon requires ribeye movement at a relatively basal level. Therefore, hair cells, known for their permanency, have organelles that seem to depend on protein renewal.
